Abstract: A HVAC (heating ventilating and air conditioning) system is generally designed to ventilate an indoor space. In windy and snowy climates dispersed snow particles in ambient air can enter the intake duct, potentially causing a serious problem. The study addresses the influence of suction volumetric flow rates, the potential discrepancy of snow intake based upon the wind direction in relation to the intake vent, and the possible difference in amounts of infiltrated snow particles in varying intake vent design and locations. The necessary characteristic quantities are defined. The simulation results show the rate of infiltration and the efficiency of the chosen intake designs. The magnitude and direction of wind influences snow infiltration significantly. The daily amount of infiltrated snow is introduced to be the characteristic measure of the infiltration in design of the HVAC systems.
Introduction
 HVAC (heating ventilating and air conditioning) system has become a common part of a building. It is widely used in large buildings such as shopping malls, commercial and industrial buildings, etc., where heat loads and fresh air demand may be large due to present technological processes and high occupancy. Recently, the use of HVAC systems has increased in residential houses. The main purpose of a ventilation system is to distribute fresh air inside a building, in accordance with several health and safety criteria. Good indoor environmental quality is one of the fundamental needs.
Ambient air, commonly used in ventilation, is often contaminated by dust and bio-aerosols. As ambient air pollution increases due to traffic, industry, etc., the need for efficient treatment increases as well. One of the most common and basic treatments is the filtering of air borne particles inside HVAC unit. In addition, the atmospheric water content is another potential pollutant. Water in the form of moisture, rain droplets or ice particles can be captured on ducting surface or There are a few methods to prevent rain and snow particles infiltration into the intake. The most common protection installed on an intake is a rain screen or mechanical louvers. Although the blades of such screen are sufficient enough to stop rain droplets, the relatively light snow particles can still easily enter the intake and consequently accumulate inside. The snow captured on a filter does facilitate a drop in pressure in the filter once a predetermined threshold value of the control system evaluates a failure and the filter is consequently replaced. In many cases, the captured snow partially melts inside the ducting and leaves the ventilation system through a drainage system. In some mechanical louvers electric heating devices are also used which melt the snow and increases louver's prevention efficiency for snow. Pre-filters are also applied to protect ventilation systems from snow penetration. There is another snow removal method that entails the usage of a sedimentation room. The special inner arrangement of the room deflects the flow and separates particles from the flow. This concept was first tested and validated in a wind tunnel [3] . Also, another solution to decrease the snow infiltration has been introduced. It has been shown that a deflector placed in front of an intake reduces snow particle infiltration [3, 4] . It has been concluded that a deflector in front of the inlet will prohibit direct exposure to the impinging snow particles and decrease the snow penetration into the inlet.
The European Standard EN 13030:2001 "Ventilation for buildings-Terminals-Performance testing of louvers subjected to simulated rain" helps by providing a useful classification method. It introduces four classes of the rain defense classification in a relation to range of the rain defense effectiveness, and also actual rain entry rate. Although this methodology has been used by several louvers manufactures, there does not exist any classification related to snow infiltration.
CFD (computational fluid dynamics) is a design tool which has been used in many industrial applications including HVAC applications. When it comes to design and layout of a specific intake opening, one can use simple hand calculation or more advanced CFD-simulation tools. In case of air intakes, the numerical simulation allows one to assess the wind flow characteristics that influences the snow infiltration. Similar analysis can also be performed using wind tunnel techniques although the numerical simulation has the advantage of performing tests to scale and flow fields can be reviewed without repeating the tests. Although the necessary guidelines, recommendations and calculation methods have been introduced, in real life situations problems frequently occur.
Location and Design of an Air Intake
The national standards usually provide several advices for proper intake location. In general, the standards recommend that outdoor air devices shall be located in such a way that the outdoor air entering the building is as clean as possible. For example, some instructions for location of the intakes have been given in Finish building code [5] . Regarding to rain and snow infiltration, it says that outdoor air devices and their connections to the ventilation system and the building shall be located, protected and designed in such a way, or the construction of the outdoor air device shall be such that no harmful quantities of snow or rainwater will enter the ventilation system. In case rainwater or snow may gain access to ventilation chambers or ducts, suitable drainage should be provided. Any snow or rainwater that enters the system shall not cause damage to the building or the ventilation system or negatively influence the operation of the ventilation system. Also, EN 13779:2007 [6] provides some other recommendations, e.g., no air intake should be positioned just above the ground. A distance of 3 m (or at least 1.5 times the maximum expected thickness of snow) between the bottom of the intake and the ground is recommended. On top of the building or when the concentrations on both sides of the building are similar, the intake should be arranged on the windward side of the building. Wherever, the risk of penetration of water in any form (snow, rain and mist, etc.) or dust (including leaves) into the system is apparent, an unprotected opening should be dimensioned for a maximum air velocity in the opening of 2 m/s. The height of the bottom of an air intake opening over a roof or deck should be at least 1.5 times the maximum yearly expected thickness of snow. The distance can be lower if the formation of a layer of snow is precluded by means of, for example, a snow shield.
The fall velocity of the snow particle is generally low, approximately between 0.2 m/s and 1.0 m/s. However, Mellor [7] refers to several authors who evaluated fall velocity of different snow crystal types.
The low fall velocity allows that the snowflakes drift easily into the HVAC system if the face velocity is too high in the air intake. Because of the low fall velocity the prevention of the snow penetration is more difficult than the rainwater penetration and it is recommended that the face velocity of the outdoor air shall be below 1 m/s. However, the maximum face velocity of the outdoor air on the intake shall not exceed 2 m/s as mentioned before, according to standards [5, 6] . If an intake is located just above roof or ground, the snow will be driven to the system more easily. A proper location higher from the roof or ground levels prevents snow entrance. Also the wind shelters and fences could be used against the drifted snow.
Good placements for air intakes are in inner yards of the building because the wind speed is typical lower than on outer facades. Also other buildings and plants, especially conifers, decrease the wind speed. The effect of the wind pressure could be reduced also with the wind shelters. The wind shelters shall be dimensioned wide enough or they shall be open only from bottom so that wind could not directly blow to the air intake. When the wind shelter is used it is important that the opening of the outdoor air intake is wide enough so that the air velocity and pressure at the opening is not too high [2].
Case Study
Wind conditions during an operation of a HVAC system varies and changes suddenly. The wind speed and direction may affect rate of snow infiltration into the intake. Also, the surrounding of an intake may influence its performance. Therefore, the snow infiltration is to be studied on combination of two cases of intake locations on a building with two different headings of the intake.
Firstly, the HVAC unit is considered to be installed stand-alone on a flat roof. This can be visualized as a box (HVAC unit) elevated above a flat surface. There are two orientations considered: intake headed upwind, i.e., windward (W), or downwind, i.e., leeward (L). Sometimes the overall design of a building does not allow such stand-alone placements of HVAC units on the roof. Thus, the HVAC unit is placed inside a special room and the intake might be part of a building facade. The effect of the immediate surrounding is studied on windward or leeward facade of a building. Location of both intake arrangements is shown in Fig. 1a .
As mentioned before, intakes are commonly covered by a screen or louvers. Since the aim of the study is to define basic characteristic behavior of various intake geometries the intake is considered to be without any screen or louver. The influence of such simplification is to be discussed later. There are three intake designs considered: free (F), overhang (O) and elbow (E). In addition, an external flow deflector (D) placed in front of the intake is to be applied in the case of stand-alone case. The schematic drawing of considered intake designs is shown in Fig. 1b code was applied. The two phase flow is solved using Euler-Euler approach. Both the air and the snow phases pose their own flow field where the fluids interact vis-a-vis the drag force as calculated using the Schiller-Naumann drag model. The code solves steady, incompressible, time averaged Navier-Stokes equations, using k-ω turbulence model to close the system of equations. In general, the flow characteristics of solid particles in a gas-solid suspension vary significantly with the geometric and material properties of the particle. The geometric properties, e.g., particle size, size distribution and shape, which all affect particle flow behavior through an interaction with the gas medium as exhibited by the drag force, the distribution of the boundary layer on a particle surface, and the generation and dissipation of wake vortices [8] .
The stokes number is a very important parameter in fluid-particle flow. It is defined as: (1) where, and is the momentum response time and some characteristic time of the field, is the density of snow particle, is the particle diameter, is the flow velocity, is the viscosity of air, and is a characteristic dimension. Table 1 shows calculated values of stokes number considering a particle of given properties carried by the wind of 2 m/s and passing a wall of 1 m height. It can be recognized that for particles of small diameter the stokes number is smaller than 1. Thus, the particle and fluid velocities are nearly equal.
Due to the variety in inlet wind conditions, normalizing the HVAC air velocity is beneficial. The mean air velocity at the HVAC outlet, , calculated from volumetric flow rate can be normalized by dividing by the wind speed, at the domain inlet. The NAV (normalized air velocity) is then calculated as:
The amount of the snow infiltrating into the intake can be expressed by IR (infiltration ratio). It can be defined to be the ratio of the snow flux inside the duct to the upwind snow flux expressed as:
The upwind or reference snow flux is taken from the plane located at the domain inlet. Both the reference plane and duct are considered to occupy the same area,
i.e., the cross-section of the duct. The kinematics, or particle interaction of snow particles, is assumed to not affect the main air flow because of low concentration of particles. Using this assumption the value of IR expresses the amount of infiltrated snow regardless to the snow concentration in the ambient air.
Useful parameter to assess the snow infiltration can be the efficiency of the intake to resist particles to infiltrate. Therefore, RSRE (relative snow removal efficiency) has been introduced as: where, and is the snow infiltration ration of the particular intake and reference intake, respectively.
Validation
This computational method to evaluate the rate of infiltrated snow particles into ventilation opening was successfully applied and compared with wind tunnel measurements [9] . The study was conducted using artificial snow particles generated by a snow gun. Although such particles differ from those which occur during natural snow fall, the same setup of the model is attempted to keep the validity. The different particle properties would require re-evaluation since connected to drag model, etc.. Also, no such experimental are available thus decided to keep already tested model setup.
Numerical Model

Geometry and Mesh
The simplified HVAC unit has the dimensions of 1.5 m × 1.5 m × 5 m. As mentioned before, there are three intake designs considered in two locations on the building: stand-alone and as a part of the facade. The stand-alone case is elevated approximately 2 m above the roof. For the other placement of the HVAC unit, i.e., on the facade the simple cube building of a side of 15 m is considered. The intake is located in the center of the facade.
The domain inlet is located approximately 20 m and 70 m upwind the particular inlet in case of stand-alone and facade inlet, respectively. The three-dimensional domain is simplified using a vertical symmetry plane in the flow direction. The domain consists of approximately 600 k tetrahedral cells. The inflation layer of five layers and 2 cm total thickness is built on all wall boundaries.
Model Setup and Boundary Conditions
In the numerical model, the artificial snow with density of 300 kg/m 3 and particle diameter 0.15 mm is used. It is noted that snow particles in natural precipitation usually have a lower density and a higher particle diameter [7] . The air is considered to be ideal gas at the temperature of -10 ºC. The flow field is driven by the pressure difference between the domain inlet and outlet, and by the gravity force acting on snow particles. In the case of stand-alone intake, two characteristic constant wind speeds at the domain inlet are considered. The inlet wind speed is set to the value of 2 m/s or 10 m/s. These values represent breezes in windy conditions during a snow event. In the case of facade intake, the domain inlet velocity follows logarithmic law expressed as:
ln (5) where, is the wind speed at a given height , is the friction velocity, is the von Karman's constant equal to 0.41 and is the aerodynamic height of the roughness elements. In the simulations, the logarithmic wind profile is built using a reference wind speed of 8 m/s at height of 10 m, and aerodynamic roughness height of 0.08 m.
The vertical snow mass concentration at the inlet is considered to be uniform since the inlets are elevated high enough to be influenced by saltating snow particles. The snow particle concentration of 0.0045 kg/m 3 was chosen. It corresponds to a snow concentration at 1 m height using the snow concentration profile expression [9] as: 0.004 .
(6) Nevertheless, the influence of the snow concentration on the resulting infiltration is omitted using the dimensionless IR. The HVAC unit outlet is defined using the mass flow value corresponding to operational conditions.
Results
Study Case 1: Stand-Alone Intake
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